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The disruption of the gene encoding the Dictyostelium Ras subfamily protein, RasC results in a strain that fails to aggregate with defects
in both cAMP signal relay and chemotaxis. Restriction enzyme mediated integration disruption of a second gene in the rasC strain resulted
in cells that were capable of forming multicellular structures in plaques on bacterial lawns. The disrupted gene, designated pikD1, encodes a
member of the phosphatidyl-inositol-4-kinase h subfamily. Although the rasC/pikD1 cells were capable of progressing through early
development, when starved on a plastic surface under submerged conditions, they did not form aggregation streams or exhibit pulsatile
motion. The rasC/pikD1 cells were extremely efficient in their ability to chemotax to cAMP in a spatial gradient, although the reduced
phosphorylation of PKB in response to cAMP observed in rasC cells, was unchanged. In addition, the activation of adenylyl cyclase, which
was greatly reduced in the rasC cells, was only minimally increased in the rasC/pikD1 strain. Thus, although the rasC/pikD cells were
capable of associating to form multicellular structures, normal cell signaling was clearly not restored. The disruption of the pikD gene in a
wild type background resulted in a strain that was delayed in aggregation and formed large aggregation streams, when starved on a plastic
surface under submerged conditions. This strain also exhibited a slight defect in terminal development. In conclusion, disruption of the pikD
gene in a rasC strain resulted in cells that were capable of forming multicellular structures, but which did so in the absence of normal
signaling and aggregation stream formation.
D 2005 Elsevier Inc. All rights reserved.Keywords: Aggregation; cAMP; Ras; Dictyostelium; PI4-kinaseIntroduction
The Ras subfamily proteins are a collection of highly
related small, monomeric GTPases that regulate signal
transduction pathways by acting as molecular switches,
cycling between an inactive GDP bound state and an active
GTP bound state (Bourne et al., 1991). The proteins are
activated by the stimulation of guanine nucleotide exchange
factors (GEFs) that catalyze the exchange of GDP for GTP
and then inactivated by the stimulation of GTPase activating
proteins (GAPs), resulting in the conversion of GTP to GDP
(Boguski and McCormick, 1993). Ras proteins regulate a
number of cellular events, including proliferation, differ-0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: gerwee@interchange.ubc.ca (G. Weeks).entiation, and cytoskeletal rearrangement, and this regula-
tion is critical, with uncontrolled activation contributing to
anchorage independent growth and tumorigenesis in mam-
malian cells (Tokumitsu et al., 1998).
Dictyostelium discoideum provides a valuable model to
study Ras protein signaling since it undergoes a relatively
simple form of development and is amenable to genetic
analysis (Kessin, 2001). During development, vegetative
amoebae differentiate to either stalk cells or spore cells,
morphologically distinct from each other and from the
original amoebae. The initial event in this differentiation
process, triggered by starvation, is the association of the
hitherto solitary amoebae into aggregation streams that
eventually coalesce to form a multi-cellular mound. Cells
within the starving population generate pulses of cAMP and
responsive cells chemotax towards the cAMP and generate
cAMP themselves, thereby relaying the signal through the84 (2005) 412 – 420
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signal transduction pathways that involve cAMP receptors,
heterotrimeric G proteins, and a variety of downstream
effector molecules (Kessin, 2001).
The possible involvement of a Ras protein in cAMP
signal transduction during Dictyostelium aggregation was
initially suggested by the finding that the disruption of a
Ras-Guanine nucleotide Exchange Factor (Ras-GEF) encod-
ing gene, aleA, resulted in aggregation defects (Insall et al.,
1996) and this idea was re-enforced when the disruption of a
Ras-interacting-protein encoding gene, rip3, was found to
have a similar phenotype (Lee et al., 1999). The disruption
of rasG, a gene maximally expressed during growth and
early development, produced an initial delay in aggregation
but no subsequent defect in the process (Tuxworth et al.,
1997). However, disruption of rasC, a gene expressed
maximally during aggregation, resulted in a population that
failed to aggregate (Lim et al., 2001). Further examination
of the rasC cells, revealed a major defect in adenylyl
cyclase (ACA) activation and cells that had not been
subjected to pulses of cAMP exhibited decreased chemo-
taxis to cAMP (Lim et al., 2001). In addition, although
rasC cells that had been exposed to pulses of cAMP were
able to form aggregates, they did so in the absence of
streaming. cAMP pulsed rasC cells were also capable of
rapid chemotaxis in a spatial gradient of cAMP (Lim et al.,
2001), although they exhibited an abnormal response in a
temporal gradient of cAMP (Wessels et al., 2004). Since
their in vivo accumulation of cAMP in response to 2-deoxy-
cAMP was considerably reduced, while, in contrast, the in
vitro accumulation of cAMP in response to GTPgS was
only slightly reduced, it was suggested that RasC might be
involved in the dissociation of the heterotrimeric G protein
complex in response to the binding of cAMP to the cAMP
receptor, Car1 (Lim et al., 2001).
In order to try to further delineate the role that RasC
plays in cAMP signal transduction, we subjected the rasC
cells to restriction enzyme mediated integration (REMI)
mutagenesis (Kuspa and Loomis, 1992) to isolate trans-
formants harboring a second gene disruption that suppressed
the aggregation defective phenotype of the rasC cells.
Several mutant strains were isolated and, in this report, we
describe the characterization of one of these, a strain
disrupted in the pikD gene, encoding a member of the
PI4Kh subfamily.Materials and methods
Growth and development of Dictyostelium
Dictyostelium AX-2 cells were grown in HL5 medium
(Watts and Ashworth, 1970) either on Nunc tissue culture
plates (Gibco Life Technologies Inc.) at 22-C or in shake
suspension (150 rpm) at 22-C. Strains containing the
blastocidin resistance gene (bsr) were grown in HL5supplemented with 5 Ag/ml of Blasticidin S (Calbiochem).
JH10 cells (Hadwiger and Firtel, 1992) were grown in HL5
supplemented with 100 Ag/ml of thymidine (Sigma).
Following successful disruption of the rasC gene, the
JH10/rasC cells were grown in HL5 without the addition
of thymidine.
To initiate development, axenically grown cells were
washed twice in Bonner’s Salts (Bonner, 1947), plated on
Millipore Nitrocellulose filters (Sussman, 1987), and
development was assessed visually after various times.
At the end of development, spores were harvested in
Bonner’s Salts containing 1% Triton X-100 (Sigma) as
described previously (Jaffer et al., 2001). Cells were also
grown clonally on lawns of Klebsiella oxytoca on rich
nutrient agar plates at 22-C and development within the
clonal plaques observed visually. To observe streaming and
aggregation under submerged conditions, cells were
washed twice in Bonner’s Salts to remove all traces of
HL5, seeded on Nunc tissue culture dishes at 4  105
cells/cm2 for JH10 and pikD cells and 8  105cells/ml
for JH10/rasC and rasC/pikD cells, submerged under
Bonner’s Salts. Cells were photographed at the indicated
times.
Generation of a rasC strain in JH10 cells
A rasC/thyA disruption vector was constructed by
replacing the bsr gene in plasmid pJLW24 (Lim et al.,
2001) with the thyA gene (Dynes and Firtel, 1989). Plasmid
pJLW24 containing both the rasC promoter and the 5V-rasC
coding sequence, up to the second exon, was digested with
BamHI to remove the bsr gene. The bsr gene was then
replaced by a BamHI fragment of plasmid pJH60, contain-
ing the thyA gene (Hadwiger and Firtel, 1992). The
construct was then cut with XbaI, blunt ended and ligated
to a 500-bp (BamHI, HindIII) blunt-ended insert containing
the 3Vsequences of the rasC cDNA.
To generate a rasC strain, washed JH10 cells were
resuspended in 50 mM sucrose, 10 mM NaPO4, pH 6.1, and
with 20 Ag of the rasC/thyA disruption vector that had been
digested with SstI and KpnI restriction enzymes and trans-
formation was conducted using a previously described
protocol (Khosla et al., 2000). Clones that were able to grow
in HL5 without thymidine were spotted on bacterial lawns on
rich nutrient agar plates to select for aggregation minus
plaques (Lim et al., 2001). The aggregation-deficient clones
were screened byWestern blot analysis, using a RasC specific
antibody (Lim et al., 2001). From 800 clones spotted on
bacterial plates, five had no detectable RasC protein. One of
these was selected for the REMI mediated gene disruption.
Generation of rasC suppressed cells by REMI induced
gene disruption
REMI gene disruption mutants were derived by a
method modified from Bear et al. (1998). 2  107 washed
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10 mM NaPO4, pH 6.1. 25 Ag of the pBSr1 plasmid (Adachi
et al., 1994), that had been linearized with BamHI, and 50
units of DpnII restriction enzyme (Gibco Life Technologies)
were added and the cell suspension was immediately
electroporated in a Bio-Rad Gene Pulser, at 1.1 kV, 3 AF,
and 200 ? resistance. The cells were allowed to recover on
ice for 10 min, diluted into HL5 and seeded onto Nunc
plates at 2  106 cells/plate. After 24 h, blasticidin S was
added to the HL5 medium at 5 Ag/ml and selection
continued for 8–10 days. The resulting blasticidin-resistant
clones were transferred to 24-well Nunc multi-titer plates
and, after colonies had formed, each was transferred with a
sterile toothpick to rich nutrient agar plates spread with K.
oxytoca to screen plaques for developmental phenotype.
Five clones that aggregated under these conditions were
isolated.
Plasmid rescue was performed as described by Kuspa
and Loomis (1992). Genomic DNA, flanking the plasmid
pBSr1, was recovered from the L5 strain as a 5.0-kb
fragment by HindIII digestion and 20 Ag of this fragment
was used to transform AX-2, JH10, and JH10/rasC cells.
Southern and Northern hybridization analyses
For Southern blot analysis, genomic DNA was isolated
as described by Lim et al. (2001). Three micrograms of
DNA was digested with the indicated restriction enzyme,
size fractionated in 0.9% agarose/TBE gel, blotted onto
Hybond N+ membrane (Amersham) and hybridized with
probes that had been labeled with [32P] dCTP (3000 Ci/
mmol; NEN, Dupont) by the random primer method
(Khosla et al., 1996).
For Northern blot analysis, cells were shaken at 160
rpm in 20 mM potassium phosphate, pH 6.0, at 4  106
cells/ml. Total cytoplasmic RNA was isolated at the
indicated times using guanidinium isocyanate (Chomc-
zynki and Sacchi, 1987). RNA (20 Ag) was size fractio-
nated on agarose-formaldehyde gels and probed with cDNA
representing the specific gene of interest, as described
previously (Khosla et al., 1996).
Assays for chemotaxis, cAMP generation, and PKB
phosphorylation
Micropipette assays for chemotaxis were carried out as
previously described (Lim et al., 2001). Phase contrast
images were captured through an Olympus IX-70 inverted
microscope using a PAGE CCD camera and Scion Image
4.0. cAMP production was measured by the method
described by Van Haastert (1984). Cells were starved for
1 h in 20 mM potassium phosphate buffer, pH 6.0 (KK2
buffer) in shake suspension and then pulsed with 50 nm
cAMP for an additional 5 h. The pulsed cells were washed
twice and resuspended in KK2 at a density of 6.25  107
cells per ml. The cells were stimulated with 2V-deoxy cAMPand cAMP levels were measured using a cAMP assay kit
(Amersham TRK 432) as previously described (Khosla et
al., 1996). The phosphorylation of protein kinase B (PKB),
in response to cAMP, was determined as described
previously (Lim et al., 2001).Results
Isolation of rasC derivatives, capable of progressing
through early development
It was shown previously that Dictyostelium rasC cells
do not aggregate (Lim et al., 2001). We decided to attempt
to isolate disruption mutations that suppressed the rasC
aggregation defective phenotype, using REMI (restriction
enzyme mediated integration) insertional mutagenesis
(Kuspa and Loomis, 1992). To generate a rasC strain to
use for the isolation of suppressor strains, JH10 cells were
transformed with the pJLW24 vector containing a rasC gene
disrupted by the thyA selectable marker and transformants
were isolated in the absence of thymidine. The isolated
clones were then screened for strains that did not contain an
intact rasC gene, as described previously (Lim et al., 2001).
The selected JH10/rasC strain exhibited the same aggre-
gation defective phenotype (Fig. 1C) as the original rasC
strain (Lim et al., 2001). The JH10/rasC null strain was
then subjected to REMI transformation, as described under
Materials and methods. A total of 10 clones were isolated
that progressed through early development following
growth on a bacterial lawn and two of these, designated
L5 and L18, that had developmental morphologies that
appeared identical, were selected for further study.
Developmental phenotype of the isolates
Although strain L5 progressed through early develop-
ment and formed multicellular structures after the bacterial
food source had been consumed, normal fruiting bodies
were not constructed (Fig. 1A). A similar result was
obtained for strain L18 (data not shown). The mounds
elongated to form long finger-like terminal developmental
structures, with no sign of a sorus and the finger-like
structures often adhered to each other (Fig. 1A). Consistent
with the absence of a sorus, spore formation was negligible.
The parental cell line, JH10, formed normal fruiting bodies
under these conditions (Fig. 1B), and these contained both
stalk cells and viable spore cells. A rasC clone is shown
for comparison (Fig. 1C).
Plasmid DNAwas rescued from one strain L5, linearized
and then used to retransform another batch of JH10/rasC
cells. Clones isolated from this transformation had a
developmental phenotype identical to those of the L5 and
L18 strain (data not shown), confirming that the disrupted
DNA was responsible for the restoration of the ability to
form multicellular structures.
Fig. 2. Southern blot analysis of the various Dictyostelium strains. HindIII
fragments of DNA from JH10 (A); strain L5 (B); and JH10/rasC (C) were
probed with a 2-kb fragment of pikD DNA.
Fig. 1. Developmental phenotypes of the various Dictyostelium strains grown clonally on bacterial lawns. L5 (A); JH10 (B); JH10/rasC (C); and
JH10/pikD1 (D).
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A 2.0-kb EcoRV fragment of the genomic DNA, that had
been recovered from strain L5 by plasmid rescue, was used
to probe Southern blots. A 5.5-kb fragment was detected in
HindIII digested DNA from both JH10 and the rasC cell
line and a 9.5-kb fragment was detected in HindIII digested
DNA from strain L5 (Fig. 2). The same 9.5-kb fragment was
also detected in HindIII digests of the secondary trans-
formants (data not shown).
The HindIII DNA fragment was partially sequenced and
a BLAST search of the sequence against the Dictyoste-
lium genome sequence (http://dictybase.org/) identified a
3282-bp gene (DDB 0191346), previously designated as
pi4k (Zhou et al., 1995), but now redesignated as pikD. The
pBSR1 insertion was located about 2.5 kb downstream of
the ATG codon. The sequence of plasmid rescued DNA
from L18 was identical to that for L5. Since both
independently isolated clones were clearly disrupted in the
same gene, all subsequent experiments were performed on
strain L5. Since the gene disruption occurred 2.5 kb
downstream of the ATG codon, Northern blot analysis
was performed and this revealed a pikD mRNA species in
the mutant, that was of similar size to wild type pikD
mRNA. In view of this result, the mutant has been
designated as pikD1 to indicate that, in spite of the gene
disruption, mRNA (and possibly protein) is still generated.
Analysis of aggregation on a plastic surface
The aggregation of the rasC/pikD1strain was studied in
more detail by examining the behavior of cells attached to a
plastic surface and submerged under non-nutrient buffer.Under these conditions, the parental JH10 cells exhibited
pulsatile movement, formed aggregation streams after 8 h
(Fig. 3A), and then went on to form the characteristic ‘‘tight’’
aggregates by 12 h (data not shown). The JH10/rasC strain
exhibited no streaming and only formed tiny clumps of cells
by 24 h (Fig. 3B), a behavior similar of that of the original
rasC cells (Lim et al., 2001). The rasC/pikD1 cells
formed larger clumps of cells after 10 h under these
conditions (Fig. 3C). These clumps were formed by the
gradual accumulation of individual cells, in the absence of
pulsatile movement or detectable stream formation, and the
Fig. 3. Appearance of the various Dictyostelium strains during starvation on Nunc plastic plates, under submerged conditions. JH10 after 8 h (A); JH10/rasC
after 24 h (B); and rasC/pikD1 cells after 10 h (C). Scale bar is 65 Am.
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characteristic of wild type cells (data not shown). Further-
more, the rasC/pikD1 cells did not form any of the larger
clumps when the cell density was lowered to 4  105, a
density that still permitted aggregate stream formation by the
JH10 cells. These results indicate that the ability of rasC/
pikD1 cells to progress through development (Fig. 1A) was
not due to the restoration of normal aggregative signaling.
Chemotaxis to cAMP
It was shown previously that rasC cells, starved for 6 h
without the application of exogenous cAMP pulses
responded poorly to cAMP released from a micropipette
(Lim et al., 2001) and this was also a characteristic of the
JH10/rasC cells (Fig. 4). The parental JH10 cells moved
towards the source of cAMP and formed a clump at the tip
of micropipette within 20 min (Fig. 4A), whereas movement
by the JH10/rasC cells was barely detectable after 40 min
(Fig. 4B). When the rasC/pikD1 cells were observed underFig. 4. Chemotaxis of the various Dictyostelium strains to cAMP. Appearance of a
following the release of cAMP from a micropipette. Scale bar is 13 Am.similar conditions, the movement of cells towards the source
of cAMP was considerably more rapid than that for the
JH10 cells and the cells were much more elongated (Fig.
4C). Thus, the relatively poor cAMP chemotaxis displayed
by the unpulsed rasC strain was corrected by the
secondary disruption of the pikD gene, a result similar to
that obtained when the rasC cells were pulsed prior to
chemotaxis assay (Lim et al., 2001).
PKB phosphorylation
It has been suggested that the cAMP-stimulated phos-
phorylation of PKB is important for chemotaxis to cAMP
(Meili et al., 1999) and this response is reduced in rasC
cells (Lim et al., 2001). The PKB phosphorylation response
in the JH10/rasC strain was similarly reduced and was
unchanged in the rasC/pikD1 strain (Fig. 5), indicating
that the enhanced polarity and increased chemotaxis to the
source of cAMP (Fig. 4C) were not due to the restoration of
high levels of PKB phosphorylation.field of JH10 (A); JH10/rasC (B); and rasC/pikD1 (C) at various times
Fig. 6. cAMP production in response to a single application of 2-deoxy-
cAMP. Samples from JH10 (0); JH10/rasC (˝); and rasC/pikD1 (r)
were taken at the indicated time points and assayed for cAMP as described
under Materials and methods. The data are presented as relative values,
since there is some variation in absolute numbers from assay to assay. The
values are the means T the standard deviation for either 3 (JH10/rasC and
rasC/pikD1) or 4 (JH10) determinations.
Fig. 5. PKB phosphorylation in response to cAMP. Western blots of extracts
of the following Dictyostelium cells: JH10 (A); JH10/rasC (B); and
rasC/pikD1 (C), at the indicated times following a single application of
cAMP. Blots were probed with an anti-phospho-threonine antibody.
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rasC cells are defective in generating cAMP in response
to a pulse of cAMP, suggesting that RasC plays a pivotal role
in the activation of adenylyl cyclase A (ACA) (Lim et al.,
2001). To determine if the rasC/pikD1 cells were able to
generate cAMP, they were pulsed with 50 nM cAMP for 5 h,
washed and then stimulated with 2V-deoxy cAMP. Under
these conditions, the JH10/rasC cells produced very little
cAMP (Fig. 6), a result similar to that obtained for the
original rasC cell line (Lim et al., 2001). The rasC/pikD1
strain produced levels of cAMP that were slightly higher than
those obtained for the JH10/rasC strain but considerably
lower than those obtained for JH10 (Fig. 6). Thus, the ability
to generate cAMP was not significantly restored by the
disruption of the pikD gene. This defect could contribute to
the inability of rasC/pikD1 cells to form aggregation
streams on a plastic surface (Fig. 3).
Early gene expression
To test whether the improved early development of the
rasC/pikD1 strain relative to the rasC strain was due to
enhanced early gene expression, starved cells were
incubated in shaken suspension for the indicated times
and extracted RNA was subjected to Northern blot analysis
(Fig. 7). The expression of ga2 mRNA was similar in the
JH10 and JH10/rasC cells and there was in fact a slight
reduction in expression in the rasC/pikD1 cells. Thus, the
defect in the JH10/rasC cells is not due to a lack of the
critical Ga2 component of the heterotrimeric G protein
complex. For carA, there was a slight reduction in
mRNA expression during the first 6 h of starvation in
the JH10/rasC cells but subsequent expression was
normal. Expression of carA mRNA in the rasC/pikD1
was more complex. At 2 h, expression was similar to that
observed for the parental cells and considerably higher than
that for the JH10/rasC cells. However, carA expression in
the rasC/pikD1 cells was dramatically decreased at 4 h
and, although it subsequently increased at later times, it
never reached the levels observed for the JH10 and JH10/
rasC cells. These results provide no clear-cut evidence
that the improved development of the rasC/pikD1 cells
was due to an increase in carA expression.For gp80 mRNA, there were two periods of devel-
opmental expression in the JH10 cells, one at 2 h and one at
8–10 h. For JH10/rasC cells, expression was considerably
reduced at both the early and late time points, while in the
rasC/pikD1 cell, expression was partially restored to that
observed in the JH10 cells. The poor expression of gp80
mRNA in the rasC cells was not surprising in view of the
fact that signaling was clearly defective in these cells. The
enhanced expression of gp80 mRNA in the rasC/pikD1
cells was consistent with the fact that these cells were
capable of progressing through early development. These
results suggest that PI4Kh can contribute to the negative
regulation of gp80 gene expression or mRNA stability, at
least in a rasC background.
Effects on development resulting from the disruption of the
pi4kb gene in a wild type background
The plasmid DNA rescued from the rasC/pikD1 cells
was linearized and used to transform JH10. The resulting
transformants were screened for the disruption of the pi4kB
gene by Southern blot analysis and several clones contain-
ing the pikD gene disruption were obtained. This fact that
clones containing a disrupted pikD gene were isolated is at
odds with the previous suggestion that the gene product is
essential for cell viability (Zhou et al., 1995). However,
since the pikD1 strain is still producing nearly full-length
mRNA, it is possible that the mutated protein is capable of
supporting growth, while a complete gene ablation is lethal.
Following the consumption of the bacterial food source,
development was normal up to the slug stage (compare
Figs. 8A and C) but the subsequent terminal structures
were more distorted than those produced by the parental
JH10 cells and there were fewer sori (compare Figs. 8B and
D). Under these conditions, spore cell formation was 58 T
2% (SEM) of that of the parental JH10 level. Since the
terminal development of JH10 is itself somewhat poor,
Fig. 7. Northern blot analysis of developmental gene expression. RNAwas isolated from the indicated strains, at the indicated times of shaking in suspension,
and hybridized with cDNA probes, corresponding to the indicated genes.
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pikD gene was also disrupted in an AX-2 background.
Development of the AX-2/pikD1 strain was again normal
up to the slug stage (compare Figs. 8G and E) and the
terminal structures that formed were again distorted,
relative to those produced by the parental cell line (compare
Figs. 8F and H). Spore formation by the pikD1 cells was 51
T 3% (SEM) of that for AX-2. Since the early development
of the JH10/rasC cells was profoundly influenced by the
secondary disruption of the pikD gene, we examined the
aggregation of the AX-2/pikD1 cells during starvation on a
plastic surface under submerged conditions. There was
clearly a defect in aggregation under these conditions. Large
aggregation streams were formed, although their formation
was delayed by approximately 4 h, and the large streams
eventually broke up to form smaller aggregates (Fig. 9).
Thus, PI4Kh appears to be required for normal intracellular
signaling during aggregation. Chemotaxis of the AX-2/
pikD1 cells to a micropipette filled with cAMP was normal
(data not shown).Fig. 8. Developmental phenotypes of the indicated Dictyostelium strains.
JH10 (C,D); JH10/pikD1 (A,B); AX-2 (E,F); and AX-2/pikD1 (G,H) were
starved on Millipore filters for 16 h (A,C,E,G) or 36 h (B,D,F,H).Discussion
The most apparent feature of rasC cells is their failure
to aggregate upon starvation under a variety of conditions
(Lim et al., 2001). There is a major defect in the cAMP relay
and chemotaxis to cAMP is slow unless the cells are first
pulsed with cAMP for 6 h, which appears to explain the
aggregation defect (Lim et al., 2001). The rasC/pikD1
cells were isolated in a screen for REMI disrupted mutants
that had regained the ability to progress through early
development following growth on a bacterial lawn (Fig. 1).
These cells were also capable of rapid chemotaxis towards
cAMP. However, they failed to exhibit pulsatile movement
and aggregation stream formation during starvation on a
plastic surface, forming only loose clumps. The activation
of ACA by the rasC/pikD1 cells was only slightly higherthan that observed for the JH10/rasC strain. The enhanced
chemotaxis towards cAMP could contribute to the ability of
these cells to form clumps on a plastic surface while the
slight increase in the activation of ACA appeared to be
insufficient to restore cAMP relay.
Fig. 9. Appearance of the indicated Dictyostelium strains during starvation on Nunc plastic plates. Photographs were taken for AX-2 (A,B,C) and pikD1
(D,E,F,G,H) at 7 h (A), 8 h (B), 9 h (C), 11 h (D), 12 h (E), 13 h (F), 15 h (G), and 18 h (H). Scale bar is 61 Am.
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phosphorylation of PKB is important for establishing cell
polarity and for chemotaxis to cAMP (Meili et al., 1999).
PKB phosphorylation and activation in response to cAMP
is reduced in rasC cells (Lim et al., 2001; Lim, 2002)
and a similar reduction in phosphorylation was observed
for the JH10/rasC cell line (Fig. 5). Since the disruption
of the pikD gene in the JH10/rasC background did not
lead to enhanced phosphorylation of PKB in response to
cAMP, the reduced level of PKB phosphorylation and
associated activation in the rasC/pikD1 strain was clearly
sufficient to allow these cells to become highly polarized
and to rapidly chemotax towards cAMP. In addition,
translocation of PKB to the leading edge of the cell in
response to cAMP occurs in rasC cells (Firtel, personal
communication). These results indicate that, if PKB
activation and translocation is important for polarization
and chemotaxis, then only a small portion of the
phosphorylated PKB is required.
The disruption of the pikD1 gene in a rasC background
allowed the formation of multicellular structures and
progression through early development in the absence of
cAMP-induced pulsing and streaming. Since pulsed rasC
cells exhibit markedly enhanced early gene expression
relative to unpulsed cells (Lim et al., 2001), it was deemed
possible that the disruption of the pikD gene in the rasC
background could result in enhanced early gene expression.
Examination of carA and ga2 expression revealed no
dramatic difference between the JH10, JH10/rasC, and
rasC/pikD1 cells. We did observe that gp80 expression
was considerably reduced in the rasC cells, and that
expression was increased in the rasC/pikD1 cells. It is
possible that the rasC/pikD1 cells contain more of the cell
adhesion molecule, Gp80, than the rasC cells, whichmight explain why the former are able to form clumps in the
absence of streaming.
Sequence comparison with the encoded products from
other organisms indicated that the pikD gene encodes a
protein that is a member of the PI4Kh subfamily
(Gehrmann and Heilmeyer, 1998). In S. cerevisiae,
disruption of the corresponding gene resulted in non-
viable cells (Flanagan et al., 1993) and, since earlier
attempts to disrupt the Dictyostelium gene were unsuc-
cessful, it had been concluded that the encoded protein
was also essential to maintain Dictyostelium cell viability
(Zhou et al., 1995). In the gene disruption strains that we
have isolated, there was only a slight reduction in growth
rate in the AX-2 background and no decrease in growth
rate in the JH10 background (data not shown). However,
since the gene is disrupted close to the end of the coding
sequence and mRNA is still produced, there might be
sufficient active protein to allow growth, in spite of the
defects in development. The Dictyostelium genome
sequencing project has identified a second pi4k gene, that
encodes a protein that is most related to the PI4Ka
subfamily of proteins, although this protein does not
possess an obvious PH domain, that is characteristic of
the mammalian and S. cerevisiae PI4Ka proteins. Thus, it
would appear that Dictyostelium possesses members of
both PI4K subfamilies and, although the PI4Ka protein is
not able to compensate for the loss of the PI4Kh protein in
yeast, it might be able to do so in Dictyostelium.
The properties of the rasC/pikD1 cells suggest the
possibility that PI4Kh is a negative regulator of a cAMP
induced event. Disruption of the pikD gene in either the
AX-2 or the JH10 background generated cells that exhibited
a slight defect in aggregation when starved on a plastic
surface under submerged conditions. Large aggregation
M. Khosla et al. / Developmental Biology 284 (2005) 412–420420streams were formed and their initiation was delayed. These
results are consistent with the idea that PI4Kh might be
involved in regulating a cAMP stimulated event during
aggregation. Despite these defects in aggregation, slug
formation was apparently normal (Fig. 8). However, there
were slight defects in terminal development (Fig. 8) and
viable spore formation was somewhat reduced in both gene
disruption strains. Thus, the consequences of the pikD gene
disruption are clearly pleiotropic, with slight deleterious
effects apparent during both early and late development. In
addition, when the gene was disrupted in an AX-2
background, growth rates were reduced (data not shown).
Since the pathways involved in the metabolism of the
phosphoinositides in Dictyostelium are largely unknown, it
is not possible to speculate as to the effects of the disruption
on phosphoinositide metabolism.Acknowledgments
We wish to thank Dr. J. Hadwiger for supplying the JH10
cells and plasmid pjH60 and Dr. W. J. Loomis for supplying
plasmid pBSRI. This research was supported by a grant
from the Canadian Institute of Health Research (CIHR).References
Adachi, H., Hasebe, T., Yoshinaga, K., Ohta, T., Sutoh, K., 1994. Isolation
of Dictyostelium discoideum cytokinesis mutants by restriction enzyme-
mediated integration of the Blasticidin S resistance marker. Biochem.
Biophys. Res. Commun. 205, 1808–1814.
Bear, J.E., Rawls, J.F., Saxe III, C.L., 1998. SCAR, a WASP-related
protein, isolated as a suppressor of receptor defects in late Dictyostelium
development. J. Cell Biol. 142, 1325–1335.
Boguski, M.S., McCormick, F., 1993. Proteins regulating Ras and its
relatives. Nature 366, 643–654.
Bonner, J.T., 1947. Evidence for the formation of cell aggregates by
chemotaxis in the development of the slime mold Dictyostelium
discoideum. J. Exp. Zool. 106, 1–26.
Bourne, H.R., Sanders, D.A., McCormick, F., 1991. The GTPase super-
family: conserved structure and molecular mechanism. Nature 349,
117–127.
Chomczynki, P., Sacchi, N., 1987. Single step method of RNA isolation by
guanidinium thiocyanate–phenol–chloroform extraction. Anal. Bio-
chem. 162, 156–159.
Dynes, J.L., Firtel, R.A., 1989. Molecular complementation of a genetic
marker in Dictyostelium using a genomic DNA library. Proc. Natl.
Acad. Sci. 86, 7966–7970.
Flanagan, C.A., Schnieders, E.A., Emerick, A.W., Kunisawa, R., Admon,
A., Thorner, J., 1993. Phosphatidyl-inosital 4-kinase: gene structure and
requirement for yeast cell viability. Science 262, 1444–1448.Gehrmann, T., Heilmeyer Jr., L.M.G., 1998. Phosphatidylinositol 4
kinases. Eur. J. Biochem. 253, 357–370.
Hadwiger, J.A., Firtel, R.A., 1992. Analysis of Ga4, a G-protein subunit
required for multicellular development in Dictyostelium. Genes Dev. 6,
38–49.
Insall, R.H., Borleis, J., Devreotes, P.N., 1996. The aimless RasGEF is
required for processing of chemotactic signals through G-protein-
coupled receptors in Dictyostelium. Curr. Biol. 6, 719–729.
Jaffer, Z.M., Khosla, M., Speigelman, G.B., Weeks, G., 2001. Expression of
activated Ras during Dictyostelium development alters cell localization
and changes cell fate. Development 128, 907–916.
Kessin, R.H., 2001. Dictyostelium—Evolution, Cell Biology, and the
Development of Multicellularity. Cambridge Univ. Press, Cam-
bridge, UK.
Khosla, M., Spiegelman, G.B., Weeks, G., 1996. Overexpression of an
activated rasG gene during growth blocks the initiation of Dictyostelium
development. Mol. Cell. Biol. 16, 4156–4162.
Khosla, M., Spiegelman, G.B., Insall, R., Weeks, G., 2000. Functional
overlap of the Dictyostelium RasG, RasD and RasB proteins. J. Cell Sci.
113, 1427–1434.
Kuspa, A., Loomis, W.F., 1992. Tagging developmental genes in
Dictyostelium by restriction enzyme-mediated integration of plasmid
DNA. Proc. Natl. Acad. Sci. U. S. A. 89, 8803–8807.
Lee, S., Parent, C.A., Insall, R., Firtel, R.A., 1999. A novel Ras-
interacting protein required for chemotaxis and cyclic adenosine
monophosphate signal relay in Dictyostelium. Mol. Biol. Cell 10,
2829–2845.
Lim, 2002. The Ras subfamily protein, RasC, is required for the
aggregation of Dictyostelium discoideum. PhD thesis, The University
of British Columbia.
Lim, C.J., Spiegelman, G.B., Weeks, G., 2001. RasC is required for optimal
activation of adenylyl cyclase and Akt/PKB during aggregation. EMBO
J. 20, 4490–4499.
Meili, R., Ellsworth, C., Lea, S., Reddy, T.B.K., Ma, H., Firtel, R.A., 1999.
Chemoattractant-mediated transient activation and membrane loca-
lization of AKt/PKB is required for efficient chemotaxis to cAMP in
Dictyostelium. EMBO J. 18, 2092–2105.
Sussman, M., 1987. Cultivation and synchronous morphogenesis of
Dictyostelium under controlled experimental conditions. Methods Cell
Biol. 28, 9–29.
Tokumitsu, Y., Nakano, S., Ueno, H., Neho, Y., 1998. Ras signals to the cell
cycle machinery via multiple pathways to induce anchorage-indepen-
dent growth. Mol. Cell. Biol. 18, 2586–2595.
Tuxworth, R.I., Cheetham, J.L., Machesky, L.M., Spiegelman, G.B.,
Weeks, G., Insall, R.H., 1997. Dictyostelium RasG is required for
normal motility and cytokinesis, but not growth. J. Cell Biol. 138,
605–614.
Van Haastert, P.J.M., 1984. A method for studying cAMP relay in
Dictyostelium discoideum: the effect of temperature on cAMP relay.
J. Gen. Microbiol. 130, 2559–2564.
Watts, D., Ashworth, J., 1970. Growth of Myxamoebae of the cellular slime
mould Dictyostelium discoideum in axenic culture. Biochem. J. 119,
171–174.
Zhou, K., Takegawa, K., Emr, S.D., Firtel, R.A., 1995. A phosphatidy-
linositol (PI) kinase gene family in Dictyostelium discoideum:
biological roles of putative mammalian p110 and yeast Vps34p PI
3-kinase homologs during growth and development. Mol. Cell. Biol.
15, 5645–5656.
